The reactivity, speciation and solvation structure of CO 2 in carbonate melts are relevant for both the fate of carbon in deep geological formations and for its electroreduction to CO (to be used as fuel) when solvated in a molten carbonate electrolyte. In particular, the high solubility of CO 2 in carbonate melts has been tentatively attributed to the formation of the pyrocarbonate anion, C 2 O 5 2-. Here we study, by first-principles molecular dynamics simulations, the behaviour of CO 2 in molten calcium carbonate. We find that pyrocarbonate forms spontaneously and the identity of the CO 2 molecule is quickly lost through O 2-exchange. The transport of CO 2 in this molten carbonate thus occurs in a fashion similar to the Grotthuss mechanism in water, and is three times faster than molecular diffusion. This shows that Grotthuss-like transport is more general than previously thought.
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C
arbonatite melts, mostly composed of XCO 3 (X = Li 2 , Na 2 , K 2 , Mg, Ca), have recently received a great deal of attention 1, 2 . It has been proposed that they are the most conductive phase in Earth's upper mantle, and they may determine the mobility and long-term storage of deep carbon, especially if found in the lower mantle [3] [4] [5] . Analysis of conductivity data has led to estimations of a 0.035-0.35% content of carbonatites by volume in the asthenosphere, in line with the estimated CO 2 content in magmas 1 . CO 2 from geological formations is mostly released into the atmosphere during volcanic activity, although the efficiency of CO 2 degassing remains poorly known 6 . Despite the importance of CO 2 species for the deep carbon cycle 7 , the reactivity, speciation and solvation structure of CO 2 in carbonatite melts have so far remained unexplored.
New technologies capable of reducing the carbon footprint are greatly in demand, in particular to limit the impact of CO 2 on the environment. One of the strategies considered in the context of carbon capture and valorization consists of its dissolution in a molten carbonate medium and its subsequent electroreduction to CO [8] [9] [10] . The interaction between CO 2 and carbonates is thus relevant for environmental science and engineering beyond geochemistry.
In the context of the electrochemical reduction of CO 2 , it has been observed that the solubility of CO 2 in the carbonate electrolyte is higher than would be expected simply from the expression x l CO 2 = k H P CO 2 , where x l CO 2 is the concentration of CO 2 in the liquid, k H is Henry's constant and P CO 2 is the CO 2 partial pressure. To explain this increased solubility, a reaction of CO 2 with the carbonate anion has been hypothesized:
with the product of the reaction being called pyrocarbonate (or dicarbonate) [8] [9] [10] . Taking K pyro as the equilibrium constant of this chemical reaction, one can then define an apparent Henry's constant k app H = (1 + K pyro )k H . Thus it is possible that the CO 2 /pyrocarbonate equilibrium controls the solubility of CO 2 in molten carbonates. Although this equilibrium can contribute to a larger CO 2 uptake in molten carbonates, it is not clear whether this is favourable for electrochemical processes, as the CO 2 involved in pyrocarbonate may not be readily accessible depending on the rate of interconversion. It is thus crucial to obtain a better understanding of CO 2 solvation in molten carbonates at the molecular level.
A limited number of previous studies have provided some support to the possibility of the formation of pyrocarbonate. The existence of a CO 2 /pyrocarbonate equilibrium was first hypothesized by Claes and colleagues on the basis of experiments performed on the Li-Na-K carbonate eutectic mixture 11 . This has also been supported by gas-phase calculations 12 . It was later shown, using density functional theory (DFT) calculations, that in the gas phase C 2 O 5 2-and larger oligomers C n O 2n+1 2-are structurally stable, with their energetics being strongly dependent on the counterion 13 . Polymeric phases of CO 2 have also been predicted by DFT 14 . Zhang and co-workers have provided evidence of the presence of pyrocarbonate in Raman spectroscopy experiments, performed by exposing molten carbonate mixtures to a CO 2 atmosphere 15 . Finally, pyrocarbonate has also been invoked to explain NMR spectra in aqueous carbonate solutions 16 . Recently, two first-principles molecular dynamics (FPMD) studies have addressed the properties of molten carbonates 17 and of CO 2 in silicate melts 18 . The first study provided information relevant for the study of liquid CaCO 3 , until then poorly explored in experiments, such as its liquid structure, density, atomic vibration motions, diffusion coefficients and electrical conductivity. In the second, the speciation of CO 2 in basaltic and kimberlitic melts in the CaO-MgO-Al 2 O 3 -SiO 2 system was investigated. Importantly, the formation of C 2 O 5 2-has been observed in the basaltic melt, accounting for ∼3.7% of the C content in the system. Pyrocarbonate has been found to be a transient species with a very short mean lifetime of 175 fs, too short to assess its solvation structure and formation/dissociation dynamics.
In this study, we focus on CO 2 in molten CaCO 3 , with the aim of characterizing the formation/dissociation of the pyrocarbonate and the solvation structure of CO 2 and pyrocarbonate in the melt. Using FPMD simulations, we confirm the presence of pyrocarbonate, which exists in rapid exchange with separate CO 2 and carbonate. The pyrocarbonate ion lives longer in CaCO 3 than in the basaltic melt reported in ref. 18 , allowing us to study the details of its solvation structure, beyond its geometry. In addition, we find that the transport of CO 2 in molten carbonate occurs in a manner similar to the Grotthuss mechanism for proton transport in water, via independent events of formation and dissociation of the pyrocarbonate molecule.
Results and discussion
Formation of pyrocarbonate anion. Using FPMD simulations, we studied the behaviour of one CO 2 molecule in the CaCO 3 solvent. From analysis of the simulation trajectory, we observed the spontaneous formation of the pyrocarbonate ion C 2 O 5 2-out of the reaction of CO 2 with the carbonate anion CO 3 2-, as shown in Fig. 1a . There is a rapid exchange between the species, with multiple instances of formation and dissociation of the pyrocarbonate ion (79 events each in the simulation time span of 65 ps). To define the molecular species from the FPMD simulation trajectory, it is necessary to use a distance criterion, usually determined by looking at the minimum of the pair radial distribution functions (RDFs). We used a 'hysteresis' criterion with minimal/maximal C-O* distances, where O* is the central pyrocarbonate ion linking the two C atoms, C-O*-C (the other oxygen atoms in pyrocarbonate are simply termed O in the following; see Methods for further details). The minimal/maximal distances considered were 1.7 Å/1.95 Å, because within this span the C-O pair RDF is practically zero for molten carbonates.
With the abovementioned criteria we observed the presence of pyrocarbonate in the simulation box during 24.4% of the total simulation time. From this we can estimate a free energy of formation of ΔA = RTln((1 -p pyro )/p pyro ) = 16.8 ± 1.4 kJ mol -1 (RT = 14.7 kJ mol Fig. 1 ), we estimate a CO 2 average lifetime of τ CO 2 = 0.88 ps and a pyrocarbonate average life time of τ pyro = 0.28 ps. The snapshots presented in Fig. 2a-c show, respectively, the approach of CO 3 2-to CO 2 , the formed pyrocarbonate, and its dissociation to CO 3 2-and CO 2 . As we can see in Fig. 2d , the identity of the C atoms belonging to the CO 2 or pyrocarbonate varies along the simulation trajectory. We thus looked at all the pyrocarbonate formation/dissociation events and kept track of the C atom part of the CO 2 molecule before the formation of pyrocarbonate and after its dissociation. We found that 72.2% of the time the same C is part of CO 2 before and after a pyrocarbonate ion time interval. Conversely, this means that 27.8% of the time a different C atom is part of the CO 2 after dissociation of the pyrocarbonate.
To go further, we measured the correlation between events in which the C remained the same and between events in which the C changed. Given an event where the C remained the same before the formation and after the dissociation of pyrocarbonate, we measured the frequency of occurrence of n (after the first) consecutive events of the same kind. We also did the same for events where the C had instead changed before the formation and after the dissociation of pyrocarbonate. The results are shown in Fig. 2e , which also plots the theoretical curves γ(1 -γ) n for 'stay' events and (1 -γ)γ n for 'change' events, with γ = p stay→change = p stay (0), which assumes no correlation between successive events. The probability of n consecutive 'stay' events is a slowly decaying function of n. Conversely, the probability of consecutive 'change' events decays very rapidly, with a small probability of another change in C after the first one and a very small probability of having two changes after the first one. The cascading of C transfers, through a rapid succession of jump events (as in Fig. 1b ), therefore appears unlikely. Hence, in the carbonate melt, the transport of CO 2 (free or bound in pyrocarbonate form) occurs via independent events of formation/dissociation of the pyrocarbonate molecule. This is similar to the Grotthuss mechanism in water, which involves the Zundel cation,
, with oxygen playing the role of the proton. By a random walk model, we estimate the diffusion coefficient of CO 2 to be D Grotthuss = 8.3 × 10 -9 m 2 s -1 , that is, 2.8 times faster than molecular diffusion of CO 2 (see Supplementary Information for details). It would be of interest in future work to verify, in the presence of an external electric field, whether a cascade of C transfer is likely to occur, similar to the correlated H transfers that have been observed in water under intense electric fields 19 .
Pyrocarbonate geometry. Having observed that the pyrocarbonate ion exists in a significant portion of our simulation run, we then proceeded to characterize its geometry by measuring distances and angles, as shown in Fig. 3 . Figure 3a plots the distribution of C-C, C-O and C-O* distances. The C-O distribution is quite narrow, peaking at ∼1.26 Å, while the C-C and C-O* distance distributions are quite wide. The latter has an asymmetric shape, which is related to the criterion chosen to define the pyrocarbonate molecule (see Methods for more details). Despite the low polarizability of CO 2 , we see here that the interactions with the surrounding medium, in this case composed of doubly charged cations and anions, can influence deeply the geometry of CO 2 . In particular, the bending of the O-C-O can be related to its interaction with CO 3 2-and formation of the pyrocarbonate. Indeed in pyrocarbonate, we observe a O-C-O angle distribution peaking at ∼130°.
Supplementary Table 1 compares the mean values of the distances and angles in the pyrocarbonate molecule found in our study with those obtained in silicate melts 18 and in the gas phase, as studied using MP2 calculations by Peeters and co-authors 12 . The extracted values in the CaCO 3 solvent are quite similar to those that have been found in silicate melts. The geometry of the pyrocarbonate ions thus appears to stay approximately constant in along the simulation. e, The C atom in CO 2 is followed before the formation and after the dissociation of pyrocarbonate. The probability of that C atom staying the same, n consecutive times (always reforming the same CO 2 molecule), is shown in black, and the probability of it changing n consecutive times (cascading C transfers) is shown in red. The lines are as described in the text. 
In ( ionic melts. In contrast, the central C-O*-C angle is much more bent in the condensed phase than in the gas phase, by ∼20°. Correspondingly, a smaller C-C distance is found in the condensed phase. We attribute the bending of the pyrocarbonate ion to charge screening occurring in the condensed phase-the charge in the pyrocarbonate ion is mainly carried by the external O atoms, while the central O* is mainly neutral (see, for example, the O-Ca RDFs shown in Supplementary Fig. 2 ). Charge screening by the surrounding cations therefore allows the charged molecular ends to approach closer to one another than in the gas phase. However, the O-C-O angle and consequently the O-C-O* angle remain quite similar to the gas phase case. To conclude the geometrical analysis of the pyrocarbonate ion, we calculated the O-C-O*-C dihedral angle, shown in Supplementary Fig. 3 . We find that the relative orientation in the molecule is rather disordered, probably due to the transients of formation of the pyrocarbonate molecule out of CO 2 and the carbonate ion. However, a preference for periplanar configurations can be observed.
Solvation of molecular CO 2 . Not only does CO 2 form C 2 O 5 2-, but even in its molecular state it exhibits specific interactions with CO 3 2-. To characterize the solvation structure of molecular CO 2 , we built two-dimensional histograms of the structure around the CO 2 molecule (see Methods for details). Figure 4a -c shows these probability density maps for C, O and Ca atoms, respectively. To facilitate the visualization and improve the statistics, we neglected the instantaneous bending of the CO 2 molecule and we built the probability histograms in a cylindrical ρ-ζ coordinate system, where theζ direction coincides with the O-O unit vector and ρ is the distance from theζ axis. The zero of the coordinate system was taken at the mid-point of the O-O vector, that is, the average position of the C atom.
Looking at Fig. 4a ,b, we note the existence of a preferred position for solvation by CO 3 2-in the central area of the ρ-ζ representation. In fact, the largest intensities for the C atoms are observed in the region 2.75 Å < ρ < 3.90 Å and −1.85 Å < ζ < 1.85 Å. For O atoms, there is instead a bright spot in the area 2.25 Å < ρ < 3.00 Å and -0.55 Å < ζ < 0.55 Å. Supplementary Fig. 4 presents a histogram of the number of O atoms found in the brightest region evidenced by Fig. 4b . The probability of having at least one O in that region is ∼90%. When the central ovoid red area is considered, the probability of having more than three O, and thus more than one carbonate, is close to 80%. This shows that the CO 2 molecule is closely approached by carbonate anions on a preferred pathway, eventually leading to the formation of pyrocarbonate-similar to what has been observed for CO 2 in imidazolium acetates 20 . To obtain a clearer idea of the relative orientation of CO 2 and carbonate in this precursor arrangement, we performed a gas-phase geometry optimization on a cluster composed of CO 2 , CO 3 2-and Ca 2+ (see Methods). The resulting geometry is shown in Fig. 4d . We find that one O of the carbonate points directly to the C of CO 2 with a C CO 2 -O carb. -C carb. angle of ∼108°. The distances found in the gas phase are compatible with the two-dimensional colour chart of Fig. 4b , although in the condensed phase the C CO 2 -O carb. -C carb. angle is closer to ∼90°. In addition to this structural analysis, Supplementary Fig. 5 presents a view of the electronic state of the molecules during the formation of the pyrocarbonate, by looking at the centres of the maximally localized Wannier functions. In Fig. 4d , a large excluded volume region is present for Ca atoms around the CO 2 molecule. Interestingly, in the region corresponding to the brightest spot for C and O, a dark spot is visible for Ca. However, Ca does seem to play a role in the approach of carbonate to CO 2 . In fact, the position of Ca found in the gas phase (Fig. 4d) corresponds to the intense region just outside the excluded volume. Small bright spots are also visible at ρ ≃ 0 and at distances (alongζ) three to four times the C-O distance (∼1.17 Å), where carbonate ions are already interposed to screen the Ca 2+ charge.
Pyrocarbonate solvation. In contrast to the case of molecular CO 2 , the solvation structure of pyrocarbonate is more diffuse. Given the mostly periplanar symmetry indicated by the dihedral angle ( Supplementary Fig. 3 ), we continue to neglect one dimension and produce two-dimensional histograms, analogous to what is shown in Fig. 4 for the CO 2 molecule. In this case, the verticalζ axis coincides with the C-C direction, and ρ is the distance from this axis. The centre of the coordinate system is taken at the mid-point of the C-C vector (see Methods). We also keep track of the C atom that is part of the CO 2 molecule before the formation of the pyrocarbonate, and the charts are constructed in such a way that the C formerly belonging to CO 2 is always found at the bottom of the plots. Figure 5a presents two-dimensional histograms for the C atoms around the pyrocarbonate. The solvation of pyrocarbonate by C atoms is almost uniform, with a small dent in the central region around ζ ≃ 0 and ρ ≃ 3 corresponding to a modest electrostatic attraction by the central O* atom of pyrocarbonate and repulsion by the two C atoms. In addition, we observe three consecutive solvation shells, with the first being the most intense. Figure 5b shows the equivalent two-dimensional histogram for O atoms. Given that O is attached to C in carbonate ion units, the positions of the O atoms follows from that of the C, although we see here that the situation for the O appears much more diffuse, corresponding to a random orientation of the plane of the carbonate molecules in the liquid phase. One small bright spot is visible at ζ ≃ -4.5 and ρ ≃ 0. Because the C formerly in CO 2 is, by construction, always found in the negative ζ portion, this possibly indicates that another CO 3 2-was or is in competition for the formation of pyrocarbonate. This is compatible with Supplementary  Fig. 4 , where we see that the most intense spots in Fig. 4b correspond to one or two carbonate molecules close to CO 2 . Figure 5c shows the two-dimensional histogram for Ca atoms. As in the case of C atoms, we observe an almost uniform first solvation shell with a central dent, corresponding to attraction by the O* atom and repulsion by the C atoms of pyrocarbonate. Furthermore, we notice a small bright spot at ρ ≃ 0, ζ ≃ 4.5, probably corresponding to the fact that Ca is close to the previous CO 3 2-unit, rather than to the previous CO 2 . Finally, Fig. 5d plots the three-dimensional isoprobability surfaces for the atoms composing the pyrocarbonate, derived from three-dimensional histograms calculated as described in the Methods. The plot shows how the position of the O in pyrocarbonate is orientationally disordered in the condensed phase, probably due to the transients of formation/dissociation. When the isoprobability value is increased, distinct spots appear that are consistent with periplanar configurations, 0°< φ < 30°or 150°< φ < 180°, and with configurations with the two pairs of external O nearly perpendicular to each other, 80°< φ < 110° (Supplementary Fig. 3 ). along the ζ direction, where ζ = 0 is the mid-point of the C-C vector. ζ is thus the projection of an atom position along the C-C axis, and ρ is its distance from the C-C axis. The former C of the CO 2 molecule is always placed in the negative ζ portion of the plots. d, Three-dimensional density maps of the pyrocarbonate molecule (see Methods). The ζ direction coincides with the C-C axis, the υ direction is the perpendicular to ζ passing by O* and ξ = υ × ζ. Iso-probability surfaces are plotted corresponding to P = 0.005 for C (grey), P = 0.002 for O (transparent red) and P = 0.007 for O (solid red). Distances are measured in ångstroms.
Conclusions
In summary, our study of CO 2 solvation in molten calcium carbonate by FPMD confirms the presence of the pyrocarbonate anion and of the equilibrium CO 2 + CO 3 2-⇌ C 2 O 5 2-⇌ CO 3 2-+ CO 2 . We have observed how the transport of CO 2 in molten carbonate occurs in a manner similar to the Grotthuss mechanism in water, and we term this the 'oxo-Grotthuss mechanism'. We have characterized the geometry of pyrocarbonate and found it has a periplanar configuration, with the central C-O*-C bridge much more bent than in the gas phase, due to charge screening by the counterions. Furthermore, we have observed that the interaction between CO 2 and CO 3 2- leading to the formation of pyrocarbonate occurs along a preferred pathway, with the carbonate ion approaching CO 2 'laterally'. The enhanced transport of CO 2 by O 2-exchange-three times faster than molecular diffusion-may also explain the diffusivity of CO 2 in mixed oxide-carbonate materials 15 . The CO 2 /CO 3 2-equilibrium can also be described in the framework of oxo-acidity, with CO 2 being the acid and CO 3 2-its conjugated base. In this context, Grotthuss-like transport may be rather general when an acid is dissolved in its conjugated base.
Methods
FPMD simulations. We have studied a system originally composed of 127 CO 3 2-carbonate anions, 127 Ca 2+ calcium cations and one CO 2 molecule (638 atoms, 4,080 valence electrons). We fixed the side of the cubic simulation box to be L = 20.054 Å, which gives a density of ρ = 2.63 g cm . The CO 2 concentration is thus 0.206 mol l -1 , a value typical for alkali molten salts under 1 atm of CO 2 
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. We set the temperature, controlled by the Nosé-Hoover thermostat chain 22, 23 with a time constant τ = 0.5 ps, at T = 1,773 K. This thermodynamic point is located, according to the pure CaCO 3 melting curve obtained by Suito et al. 24 and Spivak et al.
25
, along the melting curve of disordered pure calcite (no CO 2 ). We performed FPMD simulations based on DFT and the Born-Oppenheimer dynamics, and used the software CP2K (ref. 26 ) and in particular the Quickstep algorithm 27 . The latter employs a hybrid Gaussian plane-wave method (GPW) 28 . The Goedecker-Teter-Hutter (GTH) norm-conserving pseudo-potentials [29] [30] [31] were used to replace the core electrons. We cut off the electronic density at 400 Ry and used NN50 smoothing to apply the exchange-correlation potential. For C and O atoms, a triple-zeta valence doubly polarized (TZV2P) basis set was used 32 , and for Ca atoms we used a double-zeta valence plus polarization (DZVP) basis set optimized for molecules 33 . The exchange-correlation interactions were taken into account by the gradient-corrected BLYP functional 34, 35 . Dispersive interactions corrections were added by using the DFT-D2 scheme 36 , with a cutoff of 40 Å. The starting configuration was taken from previous equilibrated FPMD simulations of pure liquid CaCO 3 (128 units) 17 after having replaced one CO 3 2-with CO 2 and having erased one Ca 2+ from the simulation box. We ran the simulation in the canonical NVT ensemble, with the simulation time step set to 0.5 fs and periodic boundary conditions. The trajectory at every time step was stored for post-run-time analysis. We accumulated the trajectory for ∼65 ps (130,000 simulation steps).
In addition, we also performed a FPMD simulation of CO 2 in the gas phase, as well as geometry optimizations of the pyrocarbonate ion in the gas phase and a cluster composed of CO 2 , CO 3 2-and Ca 2+ (shown in Fig. 4d ). Details for these can be found in Supplementary Section 'Methods'.
Analysis. Analysis of the simulation trajectory was performed using an in-house analysis suite. To define molecules from the atomic positions at each time step, we used a depth first search (DFS) closure algorithm 37 . A particular 'hysteresis' criterion was applied to define whether, in a given time frame, there was molecular CO 2 or a pyrocarbonate ion. If molecular CO 2 was in the previous time frame, we accounted for the formation of the pyrocarbonate in the current frame only when the C-O* distance was less than 1.7 Å. On the other hand, if we had pyrocarbonate in the previous frame, we accounted for a dissociation event in the current frame only when the C-O* distance became larger than 1.95 Å. This criterion allowed smoothing of the behaviour observed when a simple distance cutoff criterion is used, and was inspired by the criteria used for correlations in hydrogen bond dynamics in water 38 .
To build the two-dimensional colour charts around the CO 2 molecules (Fig. 4) , the coordinates were first recentred, with the centre r c defined as the mid-point of the CO 2 O-O vector. We defined theζ direction as the O-O unit vector, and then calculated the coordinate ζ of a given atom as ζ = r For construction of the two-dimensional colour charts around the pyrocarbonate ion (Fig. 5) , we followed an analogous procedure, with the only difference being that the C-C direction was now taken asζ and the mid-point of the C-C vector as centre. Furthermore, we specifically took the beginning of the C-C vector corresponding to the C atom that was part of the CO 2 molecule just before the formation of the pyrocarbanate ion. The former C of the CO 2 molecule was thus always found in the negative ζ portion of the plots.
We also built three dimensional density maps for C and O (for example, Fig. 5d ). In those plots, axisζ coincides with the C-C direction, theυ axis is obtained from CO*-(CO*·ζ)ζ andξ =υ ×ζ. We recentred the coordinates around the mid-point of the C-C vector r c , r ′ i = r i − r c . The new coordinates were thus ξ = r ′ i ·ξ, υ = r ′ i ·υ and ζ = r ′ i ·ζ. We binned the space by Δξ = Δυ = Δζ = 0.1 Å between -6.0 and 6.0 Å. The intensity histograms were normalized by dividing by the number of steps, the number of particles of type α (α = C, O, Ca) and by the volume of the bin ΔξΔυΔζ. Molecular representations and iso-probability surfaces were visualized using the software VMD 39 .
